The effect of the annealing twin boundary on plastic deformation of fee metals was investigated by comparing the deformation behaviour of copper crystals containing a twin band with that of single crystals. As deformation proceeds, dislocations pile-up against the twin boundary and the slip mode near the boundary is changed from that in the centre of the grain. Therefore, the flow stress of a crystal containing a twin band is larger than that of a single crystal. The twin boundary acts as a barrier against the dislocation motion and the effect of the annealing twin boundary on plastic deformation of copper crystals is thought to resemble that of the grain boundary. Especially, it is pointed out that the annealing twin boundary must be treated in the same way as the grain boundary with respect to the Hall-Petch relationship.
On the other hand, in metals having lower stacking fault energies, annealing twin boundaries exist in addition to grain boundaries.
Two crystals which construct the annealing twin boundary have a similar crystal structure and orient symmetrically with respect to the boundary.
However, slip systems in the two crystals do not continue at the twin boundary.
Therefore, it is thought that the annealing twin boundary disturbs the plastic deformation of the crystals, and in the Hall-Petch relationship the annealing twin boundary is often treated as being equal to the grain boundary(8) (9) . However, the present authors are not aware of any previous basic experimental attempts to clarify the effect of the annealing twin boundary on plastic deformation of metallic materials, save for the works by Vellaikal(10) and Evans (11) An example of the specimens is shown in Photo. 1. The specimens are 15mm in gauge length, 5mm in width and 1mm in thickness. In this paper, the twin band in the central part of the gauge length is named "B-grain" and the crystals on both sides of the B-grain, having the same orientation, are named "A-grain". To determine the effect of a twin band on plastic deformation of copper crystals, single crystals containing no twin band and having the same orientation as the A-grain were also tested in the present study. In general, annealing twin boundaries in fcc crystals are parallel to slip planes {111} in each grain. In the present paper, the specimen in which annealing twin boundaries are parallel to the primary slip plane (111) of A and B-grains is named the "primary type" specimen and the specimen in which the boundaries are parallel to the conjugate slip plane (111) in both grains is named the "conjugate type" specimen. This investigation was carried out using these two types of specimens. The width of the twin band is 1.0mm in the primary type specimen and 2.5mm in the conjugate type one.
In. Fig. 1 (a) and (b), the orientations of each grain in the both types of specimens are shown. In these figures, letters X and Y denote the normal directions of the top and side surfaces of the specimens respectively, and Z the tensile direction. In the primary type specimen, the tensile orientations of A and B-grains coincide with each other, because the primary slip systems Stress-strain curves of the primary and conjugate type specimens are shown in Fig. 2 (a) and (b) respectively. In these figures, the curves of the single crystal specimens having the orientation of A-grain are also shown. The primary type specimen exhibits stage I in the same way as that of the single crystal in the stressstrain curve. On the other hand, in the conjugate type specimen, it is shown that the work hardening rate in the stage I region is considerably larger than that for the single crystal. In the stage I region where strain is mainly accomplished by slip of the primary slip system, the primary slip planes in A and B-grains of the primary type specimen are parallel to the twin boundary, so that the dislocations on these slip systems in both grains do not intersect at the twin boundary and compatibility at the boundary is automatically satisfied. Therefore, the primary type specimen is deformed in the same way as the single crystal in the small plastic strain region ( Fig. 2(a) ).
In the conjugate type specimen, active dislocations on the primary slip systems in A and B-grains encounter with the twin boundary from the beginning of deformations, because the primary slip systems in both grains intersect with the boundary. Vellaikal(10) demonstrated, using the etch-pits technique for coarse-grained polycrystals of copper, that there were a few special instances where continuity of slip bands across the twin boundary was apparent even from the very early stage of plastic deformation. The most frequently observed case was that of a coherent twin boundary when the Burgers vector of active dislocations was parallel to the boundary. Under this circumstances, those segments of the dislocation loops pressed against the twin boundary in either grain will acquire a screw character where by they will transfer themselves into the adjoining grain and continue expanding as in the case of ordinary cross slip. Another case was investigated by Evans(11) also using the etch-pits technique for coarse-grained crystals of a-brass. If a mixed dislocation in which the Burgers vector is not parallel to the boundary approaches the boundary, slip propagates across boundary dislocation. Formation of this twin boundary dislocation by passing across of the mixed dislocation was first pointed out by Friedel(12) , then developed by Raghavan et al. (13) and Hirth and Balluffi(14) . However, in Evans's work(11), many dislocations piled-up against the boundary before passing across the boundary.
In the present experiment, it can be concluded that large numbers of dislocations are piled-up against the twin boundary in the conjugate type specimen. In addition, the compatibility at the twin boundary is not satisfied by only slip on primary slip systems in both grains in this type of specimen; therefore, multiple slip must occur near the boundary(1). Such multiple slip is first induced near the twin boundary by the stress due to compatibility and the stress concentration of piled-up dislocations against the boundary, and propagate far from the boundary.
The differences of deformation behaviour between the primary and the conjugate type specimens can be also detected by the lattice distortions near the twin boundary obtained by X-ray pseudo-Kossel patterns and strain distributions. The photographs obtained by the X-ray pseudo-Kossel method are shown in Photo. 2(a) and (b) . The patterns in these photographs were obtained by using Fe-K., radiation and the double exposure method. The numbers in these photographs indicate the diffracted planes, and the letters A and B indicate A or B-grain respectively. The magnifications of these patterns are shown in these photographs. The strain of 3.0%, where the photographs shown in Photo. 2 were taken, corresponded to the beginning of stage II in single crystals of the primary and conjugate type specimens.
In the case of the conjugate type specimen shown in Photo. 2(b), branching and diffusing of the patterns which are due to the formation of the subgrain boundaries and pile-up dislocations, respectively, are prominent near the edge of the loops which correspond to the twin boundary. These results are in agreement with the results obtained by Umeno et al. (15) (16) in the vicinity of the grain boundary in corse-grained crystals of aluminum. The disturbance of crystal lattice near the twin boundaries may be brought about by intersections of the twin boundaries and dislocations. On the other hand, in the cases of the primary type specimen shown in Photo. 2(a), the disturbance of the lattice near the twin boundary is less than in the case of the conjugate type specimen. Therefore, it can be concluded that the piled-up dislocations at the twin boundary and the amount of multiple slip near the boundary in the primary type specimen are far less than that in the conjugate type specimen.
These differences in lattice disturbances between the two types of specimens are related to the amount of strains in A and B-grains of the specimens. At each stage of deformation, the mean strains of A and B-grains were obtained from the changes in gauge length and width of a twin band in the tensile direction. The results are shown in Fig. 3 . In both types of specimens used in this study, the width of the twin band is considerably smaller than that of the matrix crystal or A-grain. Therefore, in the conjugate Photo. 2 Pseudo-Kossel patterns obtained from vicinity of a twin boundary in primary and conjugate type specimens stretched by 3.0%.
(a) Primary type (b) Conjugate type type specimen, due to the back stress of the piledup dislocations against the boundary on the primary slip systems, the strain of B-grain is smaller than that for A-grain from the beginning of plastic deformation (see Fig. 3(b) ). On the other hand, in the primary type specimen, the strains of A and B-grains coincide with each other in the deformation stage where the plastic deformation is mainly accomplished by dislocations in the primary slip systems due to the fact that dislocations are not piled up against the boundary ( Fig. 3(a) ).
Deformation in the large strain region
At strains larger than 3.0%, dislocations on the primary and conjugate slip systems in both types of specimens are activated. Dislocations on the conjugate slip system in the primary type specimen and those on the primary slip system in conjugate type specimen have Burgers vectors which are not parallel to the twin boundary. This relation between Burgers vector and the boundary is similar to that in the work performed by Evans (11) where he reported that a large number of dislocations piled-up against the boundary in order to pass dislocations across the boundary producing type boundary dislocations. Armstrong et al. (8) considered that many dislocations would be blocked by the twin boundary and that the boundary acted as a dislocation barrier. Charnock(9) supported this idea and since the annealing twin boundaries acted as barriers to many mobile dislocations, he included the twin boundary in the grain boundary counting in the Hall-petch relationship.
Photographs of slip lines in the conjugate type specimen stretched by 10.0% are shown in Photo. 3. In this specimen, primary and secondary slip bands are observed in each photograph, but the frequency of occurrence of the secondary slip is larger in the vicinity of the Fig. 4 Hardness distributions in the vicinity of a twin boundary in primary and conjugate type specimens.
boundary, especially on B-grain (Photo. 3(b)), than far from the boundary (Photo. 3(a) and (c)). The complexity of deformation in the vicinity of the twin boundary in B-grain can be inferred from the occurrence of deformation bands. Slip lines of the primary slip system in both grains in this specimen are seen to be blocked by the twin boundary as shown in Photo. 3. In the primary type specimen, slip lines of the conjugate slip system in both grains are also seen to be blocked by the boundary. Takamura and Miura (17) Vickers hardness Hv is proportional to the square distributions in the vicinity of the twin boundary in the primary and the conjugate type specimens are shown. In this figure, a rapid increase in hardness near the boundary may be due to the dislocations piled-up against the boundary and the multiple slip near the boundary. Therefore, it may be concluded that the strain in B-grain is always smaller than that in A-grain in both types of specimens in a large strain region due to the back stress of the piled-up dislocations and the hardening due to multiple slip near the twin boundary, because the width of the B-grain is small (Fig. 3 ).
Photo. 3 Slip lines observed from conjugate type specimen stretched by 10.0%. Due to the existence of the twin boundary, flow stresses in both types of specimens increase more rapidly than that of each single crystals in a large plastic strain region, and with an increase of strain, the contribution of the twin boundary to flow stress increases. However, a direct comparison of the contribution of the twin boundary for the two types of specimen to flow stress using the stress-strain curves cannot be made because the areas of the boundary in the two types of specimens are different. In Table 1 , the contribution per unit area of the twin shown at each stage of deformation. This contribution in the conjugate type specimen is almost twice as large as that for the primary type.
Comparison with grain boundary
During the past decade, the structure of the grain boundary has been investigated by Brandon et al. (18) Weins et al. (19) and, Ishida and McLean(20) , and the existence of coincidence grain boundaries having various boundary structure were confirmed. It was made clear by Brandon et al.(18) and Ishida and McLean(20) , that the annealing twin boundary in fee metals boundary.
Therefore, the twin boundary may be regarded as a kind of grain boundary. In consideration of its structure, the twin boundary is thought to be treated exactly as the grain boundary.
In the present study it is clear that since the annealing twin boundary acts as barriers to many mobile dislocations and multiple slip is prominent near the boundary the flow stress of crystals containing a twin band is larger than that of the single crystals.
The effect of the annealing twin boundary described above is in qualitative agreement with that of the grain boundary. To carry out a comparison of the contribution of the twin boundary to flow stress with that of the grain boundary, a specimen comparable to the crystal containing a twin band as used in the present experiment may be a bicrystal. Data obtained from experiments using aluminum bicrystals are compared with the present work, because few experiments using copper bicrystals are available. The flow stress of aluminum bicrystals depend on strain, tensile direction and difference in orientation of the bicrystal and was found to be 1.0-1.5 times larger than that of its component single crystals in a moderate strain region(2)(4)(21) (22) . In the present study, the flow stress of copper crystals containing a twin band depends on strain and the types of specimens, but is found to be 1.0-1.6 times larger than that of single crystals. These values for the copper crystals are thought to be comparable to the case of aluminum bicrystals. Therefore, the effect of the annealing twin boundary on the increase of flow stress of copper crystals is in agreement with that of aluminum bicrystals.
IV. Conclusions
To investigate the effect of the twin boundary on plastic deformation of fcc metals, the deformation behaviour of copper crystals containing a twin band was compared to that of single crystals not containing the band. The results obtained are summarized as follows:
(1) In a crystal containing a twin band in which the boundary is parallel to the primary slip plane of each crystal, the stage I region which is similar to that of single crystal is exhibited. On the other hand, in a crystal containing a twin band in which the boundary is parallel to the conjugate slip plane of each grain, the work hardening rate in the stage I region is considerably larger than that for the stage I region of a single crystal. In the strain region which corresponds to the stage II or III regions of single crystals, the flow stress of both types of specimens is larger than that of the single crystals.
(2) In general, since many dislocations are blocked at the twin boundary and multiple slip must operate near the boundary so as to maintain the compatibility at the boundary, the work hardening near the boundary is more prominent than far from the boundary.
(3) The effect of the twin boundary on the deformation behaviour of copper crystals described above is similar to that of the grain boundary. Consequently, the annealing twin boundary is thought to be treated in the same way as the grain boundary in the Hall-Petch relationship.
